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Mitochondrial dynamics and mitophagy are thought to be important events for the quality control
of mitochondria andmitochondria-associated diseases. To identify novel mitophagy modulators, we
developed a cell-based screening system and selected 1,10-phenanthroline (Phen) as a target mole-
cule. Phen treatment highly induced mitochondrial fragmentation and mitochondrial dysfunctions
in a Drp1 dependent manner. Phen treatment also increased autophagy. Moreover, prolonged expo-
sure of Phen increased mitochondria clearance through mitophagy. Phen-mediated loss of mito-
chondrial mass was more reduced in ATG5 deﬁcient cells than in wild type cells. In addition,
down-regulation of Drp1 decreased autophagy activation, suggesting that mitochondrial ﬁssion is
involved in Phen-mediated mitophagy. Thus, our results demonstrate that the disruption of mito-
chondrial dynamics and mitochondrial dysfunctions provokes mitophagy in Phen-treated cells.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
In cell survival and death, mitochondria play diverse roles
including cellular calcium regulation, metabolite synthesis, apop-
tosis, as well as energy generation. Mitochondria are morphologi-
cally dynamic organelles. They are undergoing continuous ﬁssion
and fusion processes, which regulate their structure and function
[1,2]. Drp1, a GTPase protein controls ﬁssion process whereas,
Mfn1/2 and Opa1 are responsible for the fusion processes. Several
intracellular and extracellular signals such as oxidative stress,
mitochondrial membrane potential mitochondrial DNA damage,
and cell death stimuli modulate the mitochondrial ﬁssion and fu-
sion events [3]. Furthermore, the disruption of the dynamic bal-
ance is associated with neurodegenerative diseases, diabetes,
aging, and cancer [2,4,5].
Autophagy is a degradation procedure of long lived proteins and
damaged organelles through the lysosomal dependent processes
[6,7]. Mitophagy is a selective degradation of mitochondria
through autophagy [8,9]. Mitophagy controls the mitochondrial
quality by removing of unhealthy or damaged mitochondria. More-
over, mitophagy also can occur during erythroid maturation to
eliminate complete mitochondrial population in erythroid cells
[9]. Recent evidences indicated that mitophagy depends on mito-chemical Societies. Published by E
f East-West Medical Science,
, Yongin-Si, Gyeoggi-Do 446-chondrial dynamics. The depolarized mitochondria which pro-
duced by ﬁssion process are easily target to mitophagy [10,11].
Thus, mitochondrial dynamics and mitophagy are thought to be
important systems for the quality control of mitochondria and
mitochondria-associated diseases. However, the precise working
mechanisms are largely unknown. We established a cell-based
screening assay to identify mitophagy modulators. From screening,
1,10-phenanthroline (Phen) was selected as a target molecule for
further study. Phen treatment highly induced mitochondrial
fragmentation and dysfunctions as well as autophagy. We also
investigated prolonged exposure of Phen increased clearance of
mitochondria through mitophagy.2. Materials and methods
2.1. Cells
HeLa cells were obtained from the American Type Culture
Collection (ATCC). Drp1 deﬁcient mouse embryo ﬁbroblast (MEF)
cells and ATG5 deﬁcient MEF cells were generally provided by
Dr. Katsuyoshi Mihara (Kyushu University, Japan) and Dr. Noboru
Mizushima (Tokyo Medical and Dental University, Japan) [12,13].
2.2. Reagents
1,10-Phenanthroline, 3-methyladenine, carbonyl cyanide
3-chlorophenylhydrazone, thapsigargin were purchased fromlsevier B.V. All rights reserved.
4304 S.J. Park et al. / FEBS Letters 586 (2012) 4303–4310Sigma–Aldrich. zVAD-FMK was obtained from R&D Systems. The
previously validated siRNA targeting Drp1 (50-GAGGUUAUUGA
ACGACUCA-30) [14] and negative scrambled siRNA (50-CCUACGC
CACCAAUUUCGU-30) were synthesized from Bioneer (Daejeon,
Korea).
2.3. Stable cell line and image-based chemical screening
To generate the stable cell line (HeLa/mito-YFP and HeLa/
GFP-LC3), HeLa cells were transfected with either pMito-yellow
ﬂuorescence protein (pmitoYFP) or pEGFP-LC3 using Lipofectamine
(Invitrogen) according to manufacturer’s protocol. Stable transfectants
were selected by G418 for 10 days under ﬂuorescence microscope.
For the image-based chemical library screening, HeLa/mito-YFP or
HeLa/GFP-LC3 cells were seeded in a 96-well plate. Then, each
chemical from the LOPAC 1280 Library (Sigma–Aldrich) and the
Prestwick Chemical Library (Prestwich Chemical) was added to
each well with approximately 10 lM. The cells were observed un-
der ﬂuorescence microscopy to screen for the mitochondrial ﬁssion
inducer (after 12 h) or autophagy activator (after 24 h). The exper-
iments were repeated two times with consistent results.
2.4. Fluorescence microscopy
HeLa/GFP-LC3 cells seeded on glass bottom well plate were
treated with Phenanthroline for 12 h and washed with phosphate
buffered saline, then ﬁxed with 4% paraformaldehyde. Pictures
for mitochondrial fragmentation and autophagy punctuate with
GFP-LC3 were captured with ﬂuorescence microscope. HeLa/mito-
YFP cells cultured on a glass well plate were treated with phenan-A B
0
20
40
60
80
100
10 25
Phen.
(%
) C
el
ls 
w
ith
 
Fr
ag
m
en
te
d 
M
T.
D E
Control
Phen.
0 25
Phen. (u
R
O
S 
pr
od
uc
tio
n
(R
el
at
iv
e 
va
lu
e)
0
20
40
60
80
100
0 25 50
Phen. (uM)
AT
P 
le
ve
l
(%
 o
f c
on
tro
l)
Fig. 1. Phenanthroline induces mitochondrial fragmentation and dysfunctions. (A) HeLa
ﬂuorescence microscopy. (B) HeLa/mito-YFP cells were treated with increasing concentra
(C and D) HeLa cells were incubated with phenanthroline for 48 h and mitochondrial m
incubated with phenanthroline for 48 h. Then, the cells were stained with DCF-DA. ROS
treated with phenanthroline and the cell proliferation rate was determined using a cellthroline for 24 h. The cells were incubated with a LysoTracker
probe (Invitrogen) and Hoechst 33342 dye (Invitrogen).
2.5. Electron microscopy analysis
For transmission electron microscopy, HeLa cells treated with
phenanthroline for 24 h were ﬁxed in 4% glutaraldehyde contain-
ing 2% PFA in 30 mM phosphate buffer. After dehydration with eth-
anol, ultrathin sections were prepared using a Sorvall MT5000
microtome and collected on 150 mesh copper grids. Then, the sec-
tions were stained with 1% uranyl acetate and/or lead citrate. And
images were obtained with a JEOL 100CX transmission electron
microscope at 50 kV (JEOL, Japan).
2.6. Western blotting
All lysates were separated by SDS–polyacrylamide gel electro-
phoresis, and transferred to PVDF membrane (BioRad). After block-
ing with 4% skim milk in TBST, the membranes were incubated
over-night with speciﬁc primary antibodies. For protein detection,
the membranes were incubated with HRP-conjugated secondary
antibodies and signals were detected with Supersignal West Dura
HRP detection kit (Pierce).
2.7. ROS measurement
Intracellular ROS levels were assayed using the ﬂuorescent dye,
20,70-dichloroﬂuorescein diacetate (DCFH-DA) (Invitrogen), which
is converted to the highly ﬂuorescent 20,70-dichloroﬂuorescein
(DCF) in the presence of oxidant. Brieﬂy, HeLa cells plated in 96-well50 70
 (uM)
C
50
M)
0
1
2
3
4
5
6
7
0 1 2 3 4 
(day)
C
el
l p
ro
lif
er
at
io
n
(R
el
at
iv
e 
va
lu
e)
Cont
25 uM
50 uM
F
0
2
4
6
8
10
0 25 50
Phen. (uM)
D
ep
ol
ar
ize
d 
m
ito
ch
on
dr
ia
(In
cr
ea
se
d 
fo
ld
)
/mito-YFP cells treated with phenanthroline (50 lM) were ﬁxed and observed with
tion of phenathroline and then mitochondrial fragmentation was observed after 4 h.
embrane depolarization and cellular ATP level were detected. (E) HeLa cells were
production was detected with ﬂuorescence microplate reader. (F) HeLa cells were
proliferation assay.
020
40
60
80
100
0 25 50 0 25 50
WT MEF Drp1 -/- MEF
M
T.
 m
or
ph
ol
og
y 
(%
)
fragmented intermediated elongated
C E
WT   Drp1-/-
Drp1
Actin
SC   siDrp1
A B
Drp1
Actin
D
0
1
2
3
0 50 0 50
WT Drp1 -/-
R
O
S 
pr
od
uc
tio
n
(R
el
at
iv
e 
va
lu
e)
0
0.2
0.4
0.6
0.8
1
1.2
0 50 0 50
WT Drp1-/-
AT
P 
le
ve
l
(%
 o
f c
on
tro
l)
0
20
40
60
80
scram. siDrp1 scram. siDrp1
25 uM 50 uM
(%
) C
el
ls
 w
ith
 fr
ag
m
en
te
d 
M
T.
Fig. 2. Phenanthroline promotes Drp1-dependent mitochondrial ﬁssion (A) HeLa/mito-YFP cells were transfected with either scrambled siRNA (SC) or speciﬁc siRNA against
Drp1 (siDrp1). After 3 days transfection, the cells were treated with phenanthroline for 8 h, then mitochondrial fragmentation was examined. (B) Wild type (WT) and Drp1
deﬁcient (Drp1/) MEF cells were exposed to different concentrations of phenanthroline and the mitochondria were stained with mito-tracker (Mito-Red). Morphological
change of mitochondria was observed. (C and D) WT and Drp1/ MEF cells were treated with phenanthroline for 10 h and ROS production and cellular ATP level were
determined. (E) Reduced expression was conﬁrmed by Western blotting.
S.J. Park et al. / FEBS Letters 586 (2012) 4303–4310 4305plate were treated with phenanthroline. After 24 h, the cells were
washed out and incubated with DCFH-DA in serum free medium
for 30 min at 37 C, ROS production was analyzed with a ﬂuores-
cence micro plate reader (excitation/emission wave length 358/
485).
2.8. Measurement of mitochondrial membrane potential and ATP level
Cells were treated with phenanthroline for 48 h. Mitochondrial
membrane potential was examined with a unique ﬂuorescent cat-
ionic dye, JC-1 (BD) that detects loss of signal of mitochondrial
membrane potential, the depolarized mitochondria were mea-
sured using a NucleoCounter NC-3000 apparatus (Chemometec,
Denmark). HeLa cells were treated with Phenanthroline and then
total ATP level was measured with an ATP assay system biolumi-
nescence detection kit (Promega) according to the manufacturer’s
protocol.
2.9. Measurement of mitochondrial mass
The hydrophobic ﬂuorescence mitochondria probe dye 10-n-
nonyl-acridinium-orange-chloride (NAO; Invitrogen) was used to
measure the mitochondrial mass. HeLa cells treated with phenan-
throline were trypsinized and incubated with NAO dye for 10 min.
And quantitative data were obtained with a FACS analysis.
2.10. Quantiﬁcation of mtDNA by Q-PCR
Total cellular DNA was extracted using QIAmp mini kit
(Quiagen, Hilden, Germany). Real time PCR ampliﬁcation was
performed using StepOne™ Real-Time PCR System (Invitrogen,Carlsbad, CA) and SYBR Green PCR master mix (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions. To perform real
time PCR, a 211 basepair fragment of the 12S RNA of mtDNA was
ampliﬁed (Forward primer: 50-GCTCGCCAGAACACTACGA
G-30, reverse primer: 500CAGGGTTTGCTGAAGATGGCG-30). Elongation
translation factor 1 gene (EEF1A1) was used as an endogenous
reference (Forward primer: 50-GGATTGCCACACGGCTCACATT-30,
reverse primer: 50-GGTGGATAGTCTGAGAAGCTCTC-30) [15].
2.11. Statistical analysis
Data were obtained from least three independent experiments,
and presented as means ± S.E.M. Statistical evaluation of the
results was performed with one-way ANOVA. Data represent ±
standard error of the mean (S.E.M.) from more than three indepen-
dent experiments, n > 3).3. Results
3.1. Phenanthroline induces mitochondrial ﬁssion and dysfunctions
Mitochondrial dynamics and mitophagy are two pivotal events
for mitochondrial quality control and homeostasis [2,8]. In order to
identify novel mitophagy modulator, we established a cell-based
screening system in HeLa cells which stably expressing a ﬂuores-
cence mitochondria tracker (mito-YFP, HeLa/mito-YFP) and a
molecular marker for autophagy (GFP-LC3, HeLa/GFP-LC3). With
those cells, we screened both the LOPAC1280™ Chemical Library
(1200 pharmacologically active compounds) and the Prestwick
Chemical Library (1200 FDA approved medicines). From the
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Fig. 3. Phenanthroline enhances autophagy (A) HeLa cells stably expressing GFP-LC3 were treated with phenanthroline (50 lM) for 12 h. The cells were then ﬁxed and
observed with ﬂuorescence microscopy. (B) Accumulation of punctate GFP-LC3 by phenanthroline was measured. HeLa/GFP-LC3 cells were exposed to increasing
concentration of phenanthroline Cells with autophagic punctate were counted under ﬂuorescence microscope at various time points. (C) Conversion of LC3 protein was
examined. HeLa cells were treated with phenanthroline for 24 h and then subjected into Western blot analysis. Actin was used as an internal loading control. (D) Wild type
MEF (WT) or ATG5 deﬁcient MEF (ATG5/) cells were treated with phenanthroline. After 24 h, LC3 conversion was assessed.
4306 S.J. Park et al. / FEBS Letters 586 (2012) 4303–4310screening, we identiﬁed 21 candidates which induce autophagy
and mitochondrial fragmentation (Supplementary Fig. S1). Among
them, we selected 1’10-phenanthroline (Phen, C12H8N2) as a potent
inducer of mitochondrial fragmentation and autophagy. To conﬁrm
the screening results, HeLa/mito-YFP cells were treated with differ-
ential doses of Phen. Phen treatment highly induced mitochondrial
fragmentation (Fig. 1A and B). Then, the effects of Phen were exam-
ined by diverse functional assessments including measurements of
mitochondrial membrane potential, determination of cellular total
ATP levels, detection of reactive oxygen species (ROS) production,
and cell proliferation assay (Fig. 1C–F). Phen treatment signiﬁ-
cantly increased not only mitochondrial membrane depolarization,
but also ROS generation, decrease of ATP production. Although
Phen treatment inhibited cell proliferation, cell death was not
notably induced by Phen treatment (data not shown). Collectively,
our results suggest Phen induces mitochondrial ﬁssion and
mitochondrial dysfunctions. Drp1 is a key player in mitochondrial
ﬁssion process, thus, we further investigated the function of Drp1.
Phen-mediated mitochondrial fragmentation was efﬁciently
suppressed by siRNA speciﬁc Drp1 and in Drp1 deﬁcient cells
(Fig. 2A and B). In addition, knock down of Drp1 suppressed the
ROS production and reduction of ATP levels induced by Phen treat-
ment, indicating that mitochondrial dysfunctions mediated by
Phen also depend on Drp1 activity (Fig. 2C and D).
3.2. Phenanthroline induces ATG5 dependent autophagy
Because we also identiﬁed Phen as an autophagy inducer, the
effect of Phen on autophagy was investigated. HeLa/GFP-LC3 cells
were exposed to different time periods and dosages with Phen
then, autophagy activation was observed. Cells treated with Phen
strongly increased the LC3 protein conversion as well as formationof GFP-LC3 punctuate structures, indicating that Phen induces
autophagy (Fig. 3A–C). In addition, we also observed autophagic
ﬂux. p62 protein, an autophagy ﬂux marker was deceased by Phen
treatment. These results showed that Phen induces autophagy by
increasing autophagic ﬂux (Fig. 3C). Next, we investigated the ef-
fects of autophagy inhibition by depletion of ATG5, a key protein
for induction of autophagosome formation. In contrast to wild type
MEF cells, ATG5 deﬁcient MEF cells suppressed Phen-mediated
conversion of LC3 protein (Fig. 3D). These results implicate that
ATG5 regulates Phen-mediated autophagy.
3.3. Phenanthroline induces loss of mitochondrial mass and mitophagy
Massive mitochondrial fragmentation could stimulate mito-
phagy. Mitochondrial ﬁssion constitutes a principal event to gener-
ate depolarized mitochondria, which are target substrate for
mitophagy. Because Phen triggers not only mitochondrial fragmen-
tation but also autophagy, we next examined the effect of Phen on
mitochondria abundance and mitophagy. To investigate the pro-
longed effect of Phen treatment, mitochondria in HeLa/mito-YFP
cells incubated with Phen were monitored. On Phen treatment,
mitochondria were underwent fragmentation within a few hours,
and the mitochondrial pattern was disrupted. Then, the mitochon-
dria were partially disappeared after 24 h. Interestingly, most
mitochondrial ﬂuorescence-tracker signals were cleared at 48 h
(Fig. 4A). We also examined the alteration of mitochondrial mass
and mitochondrial proteins. The relative NAO intensity in Phen-
treated cells was signiﬁcantly reduced compared with that of con-
trol cells after 48 h (Fig. 4B). Additionally, several mitochondrial
proteins including Opa1, Mfn1/2, COX4, and Tom20 were also re-
duced in Phen-treated cells, whereas an ER protein was not chan-
ged (Fig. 4C). We further examined the alteration of mtDNA
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Fig. 4. Prolonged treatment of phenanthroline decrease mitochondrial mass (A) HeLa/mito-YFP cells treated with phenanthroline (50 lM) were incubated with Hoechst
33342 dye for nuclear staining (Blue). And the alteration of mitochondrial morphology and mass were observed under ﬂuorescence microscopy with time dependently. (B
and C) HeLa cells were treated with phenanthroline for 48 h. The cells were then stained with NAO ﬂuorescence dye or analyzed with the Western blotting with indicated
antibodies. (D) The change of mtDNA content was determined by quantitative PCR using speciﬁc primers against mtDNA, 12S RNA gene.
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encoded 12S ribosomal RNA (12S rRNA). The mitochondrial DNA
content was also decreased by Phen treatment (Fig. 4D). Taken
together, our results suggest that prolonged treatment of Phen en-
hances loss of mitochondrial mass.
Mitophagy is a selective degradation of mitochondria by the
autophagosome-lysosome pathway. To more understand Phen-
mediated mitophagy, we further investigated the mitochondrial
localization. HeLa cells transfected with pmito-RFP and pEGFP-
LC3 were incubated with or without Phen then, we investigated
the co-localization of mitochondria with GFP-LC3 protein. Consis-
tently, Phen treatment highly increased co-localization of mito-
chondria with GFP-LC3 compared to non-treated cells. The
yellow color in the merged image indicates co-localization of mito-
chondria and GFP-LC3 puntate (Fig. 5A). More direct evidence for
mitophagy was elicited from electron microscopic analysis.
Fig. 5B showed mitochondria inside an autophagosome structure
in Phen-treated cells. Taken together, our data implied that clear-
ance of mitochondria by Phen treatment is mediated by
mitophagy.
3.4. Depletion of Drp1 and ATG5 suppresses Phen-induced loss of
mitochondrial mass
Since mitochondrial ﬁssion and dysfunction leads to mitochon-
drial autophagy, we investigated the role of Drp1 on mitophagy.HeLa/GFP-LC3 cells transfected with Drp1 siRNA were exposed to
Phen then GFP-LC3 autophagic punctuates were observed. Phen-
induced autophagy was more suppressed by Drp1 knockdown,
suggesting that mitochondrial fragmentation is involved in Phen-
mediated mitophagy (Fig. 6A and B).
Recent study indicated that mitophagy depends on ATG5 in
HeLa cells [16]. Thus, we addressed the role of ATG5 in Phen-in-
duced mitophagy. Wild type and ATG5 deﬁcient MEF cells were
incubated with Phen for 24 h. Then the loss of mitochondria was
determined. Consistent with previous reports, depletion of ATG5
signiﬁcantly suppressed the loss of mitochondrial ﬂuorescence sig-
nals (Fig. 7A). Moreover, knockout of ATG5 inhibited the reduction
of NAO ﬂuorescence intensity as well as the loss of mitochondrial
proteins by Phen-treatment (Fig. 7B and C). These results also sug-
gest that ATG5 is involved in Phen-mediated mitophagy.
4. Discussion
Although mitochondrial dynamics and mitophagy are two ma-
jor quality control systems for mitochondria, their interaction
and regulation mechanisms are largely unelucidated. Phen is
known as a metal ion chelating agent and as a sodium channel
blocker [17]. And Phen shows anti-cancer activity and anti-bacte-
rial activity [18,19]. However, the role of Phen on mitophagy is
completely not investigated. In this study, we identiﬁed Phen as
a potent mitophagy regulator. Phen strongly induced mitochon-
AB
Control Phen.
Mitochondria GFP-LC3 Merge
Control
Phen.
Fig. 5. Phenathroline induces mitophagy HeLa cells transfected with both pmito-RFP (Red) and pEGFP-LC3 (Green) were incubated with or without phenanthroline (50 lM)
for 24 h. (A) The ﬂuorescence of mito-tracker and GFP-LC3 was observed under microscopy. (B) HeLa cells treated with phenanthroline (50 lM) for 24 h. The cells were then
ﬁxed and observed with electron microscopy. Higher-power magniﬁcation electron microscopic picture of phenanthrolien-treated cells shows autophagosomes (arrows).
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4308 S.J. Park et al. / FEBS Letters 586 (2012) 4303–4310drial fragmentation and dysfunctions. Massive mitochondrial frag-
mentation could be occurred by increasing mitochondrial ﬁssion
activity or by decreasing mitochondrial fusion event. Both tran-
sient expression of Drp1 siRNA and Drp1 deﬁcient MEF cells
showed suppression of Phen-induced mitochondrial fragmenta-tion, implicating that mitochondrial ﬁssion activity of Drp1 is
important in Phen-mediated mitochondrial fragmentation and
dysfunctions. Interestingly it was reported that Phen could induce
mitochondrial dysfunctions by regulation of import of small Tim
(translocase of inner mitochondrial membrane) proteins that play
important functions in energy metabolism and apoptosis of mito-
chondria. Phen strongly diminished the import of Tim13 protein
by chelating of metal ions [20].
Among the mitochondrial dynamics regulatory proteins, Opa1
is modulated by melalloprotease-mediated processing. Both alter-
native splicing and cleavage of Opa1 generate several types of
Opa1 isoform [21,22]. The long-isoform has mitochondrial fusion
stimulating activity, which is lost by proteolytic processing to be
the short-isoform. Ishihara et al., suggested that Phen could inhibit
CCCP-induced processing of Opa1 which leads to loss of their fu-
sion activity [23]. However our result indicates that Phen strongly
induces massive depolarized fragmented mitochondria. Thus fu-
ture studies are needed to answer the role of Phen on mitochon-
drial dynamics.
In this study, we showed Phen induces autophagy as well as
mitochondrial fragmentation. Previous studies reported that so-
dium and calcium channel blockers induce autophagy [24,25].
Moreover, we also identiﬁed several different sodium channel
blockers such as amiodarone, ﬂuarizine, and disopyramide, as
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Fig. 7. Suppression of autophagy down-regulates Phen-mediated mitophagy. (A) Wild type (WT) and ATG5 deﬁcient MEF (ATG5/) cells were transiently transfected with
mito-YFP (Green) and were treated with phenanthroline (50 lM) for 24 h. The cells were stained with Hoechst 33342 dye for nuclear staining (Blue). And the mitochondrial
morphology was observed under ﬂuorescence microscopy. (B and C) WT and ATG5/ MEF cells were treated with phenanthroline (50 lM) for 24 h. And alteration of
mitochondrial mass and protein level of several mitochondrial proteins was assessed with intensity of NAO ﬂuorescence or Western blotting.
S.J. Park et al. / FEBS Letters 586 (2012) 4303–4310 4309being autophagy inducers from screening. Ions are important
intracellular messengers involved in the regulation of many cellu-
lar processes. Modulation of cellular levels of ions like calcium,
potassium, and sodium could promote autophagy [24,25]. Phen
was proposed to function as an ion channel blocker [17]. Thus,
additional studies will be required to examine the role of Phen
on autophagy regarding with ion channel blocking.
Mitochondrial ﬁssion and dysfunction leads to mitochondrial
autophagy [10,11]. In this study, we also addressed the effect of
Phen on mitophagy. Mitophagy occurs to regulate mitochondrial
quality control and mitochondria number. In addition, oxidative
stress is strongly linked to mitochondrial dysfunction and mito-
phagy [9–11]. We showed Phen treatment induces mitochondrial
dysfunctions through enhancing depolarization of mitochondrial
membrane potential as well as increasing ROS generation. We also
observed engulfed mitochondria into autophagosomes, which is a
direct evidence of Phen-induced mitophagy. An accumulating body
of work demonstrates the involvement of Pink1/Parkin pathway in
mitophagy [26–28]. Suppression of Pink1/Parkin results in de-creased mitophagy and accumulation of damaged mitochondria.
Additionally, loss of mitochondrial membrane potential and in-
creased ROS production recruit Parkin to mitochondria, and mito-
chondrial Parkin initiates the degradation of several substrates that
are involved in mitochondrial dynamics and mitopahgy processes.
Therefore, it will be helpful to investigate the mechanism of Phen-
mediated mitophagy regarding Pink1/Parkin pathway.
Autophagy regulatory genes mainly control autophagy includ-
ing mitophagy. Indeed, loss of ATG5 and ATG7 also signiﬁcantly
increases accumulation of damaged mitochondria [16,29]. Addi-
tionally, the lack of the ATG3–ATG12 conjugation leads to mito-
chondrial fragmentation and loss of mitophagy [30]. According to
the previous notion, we investigated whether Phen-mediated
mitophagy was reduced in ATG5 deﬁcient cells. ATG5 depletion
remarkably reduced not only autophagy activation but also loss
of mitochondrial mass and proteins induced by Phen-treatment.
Finally we addressed the linkage of mitochondrial ﬁssion andmito-
phagy through suppression of mitochondrial ﬁssion activity. Inter-
estingly, we observed that down-regulation of Drp1 by siRNA
4310 S.J. Park et al. / FEBS Letters 586 (2012) 4303–4310further reduced autophagy activation and the Phen-mediated loss
of mitochondria was signiﬁcantly suppressed in Drp1 knock out
cells. Thus, our data support the notion that mitochondrial ﬁssion
by Phen is participating in mitophagy.
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